band minima. We answer some of these questions using ab initio calculations (density functional methods with both local and nonlocal exchange-correlation potential).
band gap is easy to understand, the actual value of E g depends on other subtleties like the details of band dispersion, spin orbit interaction etc.
The inter-relationship between bonds, bands and band gaps discussed above can be extended to tetrahedrally bonded III-V and II-VI binary compounds. Progress in electronic structure theories (density functional theory (DFT), both local and non-local, GW, and others) have helped us in addressing the relationship between bonding, band structure and band gap in these compounds.
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Extending the above ideas to tetrahedrally coordinated ternary compounds becomes challenging because of the competition between the natures of different bonds.
A simple but helpful way of looking at the ternary compounds is to consider them as derivatives of a tetrahedrally coordinated binary compounds, following Grimm and Sommerfeld's rule. 6 One can take multiple unit cells of a ternary system, fix (say) the anions, and replace the cations by a combination of two cations keeping the total cation valence constant. A classic example is the chalcopyrite structure (CuInSe 2 ). One starts from ZnSe with zincblend structure, doubles the unit cell to (ZnSe) 2 , keeps the Se sublattice intact, and replaces two Zn (divalent -II) atoms by Cu (monovalent -I) and
In (trivalent -III). Another example is to triple the unit cell and replace the three divalent cations by two monovalent and one tetravalent cation and get I 2 -IV-VI 3 , such as These off-centered displacements and associated low-energy structural dynamics 13 (soft phonons and large Gruneissen parameters)
have played important roles in ferro-and piezo-electric materials, multiferroics, thermoelectrics and nonlinear optical materials.
In spite of extensive studies trying to understand the role of lone pairs on the atomic structure and lattice vibrations, the subtle role of the interplay between the lone pairs and the local geometry on the band structure and the band-gap formation has not been ex- In both the structures, all the atoms are tetrahedrally coordinated to four nearest neighbors, in which I and V atoms bond to four VI atoms while VI atoms bond to three I and one V. Table I presents a summary of crystal types of I 3 -V-VI 4 compounds and the bond lengths between V and VI. As the constituent atoms go from smaller to larger radii, the bond lengths increase accordingly.
We will show later that the change in bond lengths and the band gaps are intimately related.
III. ATOMIC ENERGY LEVELS
OF CONSTITUENTS AND SOME
SCHEMATIC STUDIES.
In analyzing bonding and antibonding na- to understand the role of d states of I, we investigate the case with Cu replaced by an alkali atom, Na, which doesn't have the dshells to interact with other bands.
IV. METHODS OF ELECTRONIC STRUCTURE CALCULATIONS
A. Local/Semi-local DFT Firstly, we tried the standard LDA and GGA since they have been extensively used to study the electronic structure of compounds. One, however, is aware of their wellknown shortcomings in dealing with semiconductors and ordinary insulators (band insulators). 21 The major problem is the underestimation of the band gap. 21 In some extreme cases, gapped system are wrongly predicted to be metallic within LDA/GGA.
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There have been many attempts to im- 
where n i is the occupancy of energy level ǫ i .
GGA+U has been successful in predicting the semiconducting/insulating ground states of many systems, including but not limited to the famous Mott-insulators. family, we first carried out GGA calculations the whole class; Cu 3 (P,As,Sb,Bi)(S,Se) 4 . In The GGA calculations show that all the compounds have similar features in their band structures which resemble the simple picture 40 and also gave a band gap, the value of the gap, however, is ∼0.4 eV which is a little larger than our value. We also noted that one can get almost identical results within GGA+U (local theory) but using an unphysically large value of U (∼15 eV) for Hence, GGA+U is easier to implement when V-VI distance (Angstrom) To explain these features, one may attempt to look at the atomic energy levels of the constituents (given in table II and Fig. 2) .
The difference between S and Se is that the atomic levels of the latter is higher than those of the former, the energy difference for s level is ∼1.16 eV and for p is ∼0.92 eV. These energy differences may account for the band gap difference between S-and Se-compounds.
On the other hand, when going from As to Sb, there is a big jump in the atomic levels (Fig. 2) . This change in the atomic levels Finally we would like to address the band structure of the two compounds containing Bi, Cu 3 BiS 4 and Cu 3 BiSe 4 . Both GGA (Fig. 4g,h ) and GGA+U (Fig.6g,h ) did not give a gap. We carried out HSE06 calcula- 
